Phospholipids containing photolysable carbene precursors ($l-trifluoro-a-diazopropionoxy and m-diazirinophenoxy groups) in w-positions of sn-2 fatty acyl chains were prepared. Photolysis of their vesicles produced crosslinked products in 40-60% yields. Crosslinking was mostly intermolecular and occurred by carbene insertion into the C-H bonds of a second fatty acyl chain. Crosslinking products were characterized by (i) Photolysis of Vesicles. The sample was introduced into a quartz vessel with a jacket through which circulated aqueous potassium hydrogen phthalate solution (0.5 or 2.0%, wt/vol). The vessel was placed in the center of a Rayonet photochemical reactor equipped with 16 symmetrically placed RPR 3000 A or RPR 3500 A lamps. The temperature of the circulating solution was controlled by a thermostat. RPR 3000 A lamps emitted 15% of the total radiation at 254 nm; RPR 3500 A lamps emitted no radiation below 290 nm. The radiation at 254 nm emitted by RPR 3000 A lamps was filtered out by 0.05% phthalate solution; the 2% solution filtered out radiation essentially completely uip to 315 nm. Progress of photolysis was followed either by monitoring the disappearance of the characteristic infrared frequency of azido (2100 cm-l) and diazo (2140 cm-l) groups or the UV absorption of diazirine and ca,/-unsaturated carbonyl groups after extraction (8) of the reaction mixture aliquots.
A central problem in membrane biochemistry is the understanding of the interactions between phospholipids and proteins. Recently, a chemical approach to the problem was described (1) which involved the use of phospholipids containing photoactivable groups as part of the fatty acyl chains. Two photoactivable groups mainly were considered: the azido group which on photolysis would generate nitrene as the intermediate, and suitably substituted alkyl diazo groups which would produce the carbene intermediates. We now report on photolytic studies of phospholipids containing these photoactivable groups. We show that carbenes photogenerated from trifluorodiazopropionyl (2) and diazirinophenoxy (3) groups give rise to extensive intermolecular crosslinks by insertion into C-H bonds. The main aim of this paper is the characterization of crosslinked products formed upon photolysis of vesicles prepared from phospholipids containing these carbene precursors. In contrast, nitrenes are not satisfactory for forming intermolecular crosslinks by insertion reactions, and these results are similar to those of Bayley and Knowles (4).
MATERIALS AND METHODS
Materials. Crude rattlesnake venom (Crotalus adamanteus) was used as the source of phospholipase A2. Phospholipase C was purchased from Sigma. Phospholipids shown in Fig. 1 were synthesized according to a published procedure (5) . Di-f14C]-palmitoyl phosphatidylcholine (f14CJPam2PtdCho) was synthesized from glycerophosphorylcholine by using 1-'4C]palmitic acid purchased from New England Nuclear.
Thin-Layer Chromatography (TLC) . This was performed on EM silica gel plates. The solvents were: A, chloroform/ methanol/water, 65 
N3
Fit;. 1. Synthetic mixed diacyl phosphatidyicholines with different photoactivable groups in the fatty acyl chains.
Transesterification of Phospholipids. To a methanolic solution (1.0 ml) of the photolysis product (about 2 mg) was added 10 Mil of 0.5 M sodium methoxide in methanol, and the mixture was stirred at room temperature for 4 hr. After evaporation, the residue was dissolved in chloroform (500 ,1) and washed with 30 mM HCl (500 gl). The aqueous layer was removed and the organic phase containing the methyl esters was washed twice with water (500 i1). Removal of the solvent from the organic phase yielded the fatty acid esters.
RESULTS
Photolysis of 1-palmitoyl-2-wo-trifluorodiazopropionoxy)lauroyl-sn-glycero (3) and the residue was dissolved in 4 ml of chloroform/methanol, 1:1. After mixing with water (2 ml), the phases were separated by centrifugation. Evaporation of the organic phase yielded the diglycerides-NMR (C2HC13)36: 5 
The aqueous phase was evaporated and the residue was resuspended in 1.0 ml of water. After removal of the precipitate formed by addition of 4.0 ml of 5% aqueous trichloroacetic acid, the supernate contained all the phosphate present in the phospholipid. Thus, all of the material present in peak I was sensitive to phospholipase C.
Transesterification of the Diglycerides. Transesterification using 13H]CH3OH followed by partitioning of the dry residue between chloroform and water gave the [3Hlmethyl esters of the fatty acids in chloroform. Chromatography on Sephadex LH-20 gave two well-resolved peaks (a typical separation is shown below). The second peak corresponded in elution volume to methyl palmitate. Gas chromatography/mass spectrometry (GCMS) (Fig. 3A) Fig. 3A (10) . Photolysis of a mixture of 1-stearoyl-2-w-(trifluorodiazopropionoxy)lauroyl-sn-glycero (3) that of the peaks in Fig. 2 .
Degradation with Phospholipase C. Treatment of a portion (4.2 X 105 cpm) of the material in peak I with phospholipase C followed by TLC of the products showed complete disappearance of the starting material. Peak II of Fig. 4 was also treated similarly. Comparison of mobilities of the diglycerides, from peaks I and II on TLC and on a Sephadex LH-20 column, showed that only peak I contained some radioactive material of molecular weight higher than that of monomeric diglyceride.
Base-Catalyzed Transesterification. The material in peak I (8.5 X 105 cpm) was treated with 5 mM sodium methoxide in methanol (1 ml) for 4 hr. The fatty acid esters formed were isolated and separated on a Sephadex LH-20 column (Fig. 5) and by TLC (data not shown). Both methods showed the presence of two radioactive compounds in approximately equal amounts. The first peak moved slower on TLC and corresponded to the dimeric fatty acid ester (Fig. 3A) and, finally, there were spots with RF 0.87 and 0.92, which corresponded to the above crosslinked fatty acid and palmitic acid, respectively. As expected, the radioactivity in lysolecithins was equal to the sum of the radioactivity in crosslinked fatty acid and palmitic acid. (Fig. 3A) . was separated and then, after transesterification, the fatty acid esters were examined on a Sephadex LH-20 column (Fig. 6) . The products formed by C-H insertion (peak I) represented about 33% of the total radioactivity. Because in the above experiments the crosslinked product represented 40-45% of the total phospholipids, about two-thirds of the latter arose by the C-H insertion mechanism and the remainder by alternative mechanisms such as carbene-carbene dimerization.
Photolysis of 1-palmitoyl-2-w(diazirinophenoxy) undecanoyl-sn-glycero(3)phosphocholine (IV) and characterization of crosslinked products Photolysis. A suspension of the phospholipid in the standard buffer was sonicated for 20-30 min at 30-35 'C. The clear solution was photolyzed for 1 hr at 28 + 20C using RPR 3500 A lamps with the 2% aqueous potassium hydrogen phthalate filter (the half-life of the diazirino group was 2 min). The products were then extracted (8) and separated on Sephadex LH-20 (Fig.  7) . Peak I contained 55-60% of the total phosphorus-containing material.
Base-Catalyzed Transesterification. The material in peak I was transesterified and the fatty acid esters were separated on Sephadex LH-20. Two peaks were obtained, similar to those shown in Figs. 5 and 6. From its position, the first peak corresponded to the crosslinked fatty acid esters (Fig. 3B) . Its analysis by high-resolution mass spectrometry showed a molecular formula of C36H62O5 [calc., m/e 574.46 (Fig. 3B) Fig. 2 Irradiation of the vesicles containing 1-acyl-2-(12-azido)-stearoyl-sn-glycero(3)[32P]phosphoethanolamine isolated from an Escherichia coli unsaturated fatty acid auxotroph (11, 12) did not reveal any characterizable crosslinked product. Photolysis of a mixture of 1-palmitoyl-2-(m-azidophenoxy)undecanoyl-sn-glycero(3)phosphocholine (V) and [14C]Pam2-PtdCho and workupof the products showed only about 1% of the total radioactivity eluting ahead of the monomeric phospholipid from the gel column; of this, only about one-third seemed to be a crosslinked product.
DISCUSSION
The present approach to the study of hydrophobic interactions between membrane components involves the use of photoactivable groups that are "built into" the fatty acyl chains of phospholipids. The groups used should cause minimal pertur-
